Using a sensitive histofluorescence staining method that allows for a quantitation of neuronal death, we compared the protective effects of gangliosides (a group of naturally occurring glycosphingolipids), phencyclidine (PCP), and MK-801 (dibenzocyclohepteneimine) on glutamate-and kainate-induced neuronal death in primary cultures of cortical and cerebellar neurons prepared from neonatal rats. PCP and MK-801 block neurotoxicity induced by glutamate doses 50 times higher than the LD50 (LD50 in Mg2+ free medium, 10 ,uM) but only partially block the kainate neurotoxicity (LD50 in presence of Mg2+, 100 ,uM). In contrast, pretreatment with gangliosides (GT1b > GD1b > GM1) results in complete and insurmountable protection against the neurotoxicity elicited by glutamate or kainate. In primary cultures of cerebellar granule cells gangliosides, unlike PCP and MK-801, fail to block glutamate-gated cationic currents and the glutamate-evoked increase of (i) inositol phospholipid hydrolysis, (ii) c-fos mRNA content, and (iii) nuclear accumulation of c-fos protein. Protection of glutamate neurotoxicity by gangliosides does not require their presence in the incubation medium; however, it is proportional to the amount of glycosphingolipid accumulated in the neuronal membranes. The ganglioside concentration (30-60 ,uM) that blocks glutamate-elicited neuronal death also prevents glutamate-and kainate-induced protein kinase C translocation from cytosol to neuronal membranes.
High-affinity glutamate binding sites that recognize Nmethyl-D-aspartate (NMDA) are located on a specific excitatory amino acid receptorial domain that operates ionotropic (1) (2) (3) (4) and/or metabolotropic (4) (5) (6) (7) (8) (9) (10) signal transduction. These glutamate receptorial domains, in addition to the recognition site for the putative excitatory neurotransmitter, include two kinds of noncompetitive inhibitory sites regulated by Mg2 + and by an unknown natural ligand acting on a site that recognizes phencyclidine (PCP) (1, 4, (11) (12) (13) . Moreover, positive and/or negative allosteric centers modulate NMDA-sensitive glutamate recognition sites (13) (14) (15) ; these are believed to have glycine (13, 14) or kynurenate (15) as putative endogenous modulators, respectively. These NMDAsensitive recognition sites operate cationic channels (1, 4) , stimulate inositol phospholipid hydrolysis (4) (5) (6) , or release arachidonic acid (7) and cause a Ca2 -dependent accumulation of cGMP (4, 8) . Transduction mechanisms operated by activation of NMDA-sensitive glutamate recognition sites elicit a sequelae ofevents, including an increase in c-fos protooncogene mRNA content (9) and the nuclear accumulation of c-fos protein, which in turn promotes the coordinated expression of selected mRNAs encoding proteins (16) presumably mediating long-term responses to NMDA-sensitive glutamate receptor stimulation, such as neuronal plasticity (9) .
Persistent stimulation of these glutamate receptors and of other excitatory amino acid receptors sensitive to kainate and/or quisqualate activates protein kinase C (PKC) (10, 17) , a cytosolic enzyme that in the presence of excitatory amino acid-mediated Ca2 + influx (4, 18) translocates to the neuronal membranes (10, 17) . In addition to PKC, other Ca2 -dependent enzymes may be activated by the persistent stimulation of excitatory amino acid receptors. Since such stimulation also causes neurotoxicity and neuronal death (19) (20) (21) (22) (23) , it can be surmised that the subversion of important cellular functions caused by excitatory amino acid receptor activation of Ca2+-dependent enzymes (19, 22) (19, (23) (24) (25) , a possible therapeutic application of these drugs to limit secondary neurotoxicity occurring in brain regions surrounding ischemic areas has been proposed (19, 24, 25) . Gangliosides and sphingosine applied to primary cultures of neonatal rat cerebellar granule cells prevent the glutamate receptor-mediated activation and translocation of PKC by a mechanism that does not involve a direct interaction with glutamate recognition sites (10) . The present report demonstrates a protective effect of gangliosides against glutamate and kainate neurotoxicity in primary cultures of neonatal rat cerebellar and cortical neurons.
MATERIALS AND METHODS
Primary Neuronal Cultures. Cerebral cortex or cerebellar neurons grown on 35-mm dishes for 8 days in vitro were prepared from 1-and 8-day-old Sprague-Dawley rats, respectively (26, 27) . The cerebellar cultures contain >95% neurons and <5% glia cells (26) ; the cortical cultures contain -92% neurons and =8% glia cells (27) . Glial proliferation was prevented with cytosine arabinofuranoside (26, 27) .
Exposure to Excitotoxins and Gangliosides. Before application of the excitatory amino acids, the culture medium (culture-conditioned medium) was collected and the cells were washed once with Locke's solution (154 mM NaCl/5.6 mM KCI/3.6 mM NaHCO3/2.3 mM CaCl2/1 mM MgCI2/5.6 mM glucose/5 mM Hepes, pH 7.4). MgC12 was omitted as indicated. The incubation with excitatory amino acids was terminated by washing the monolayer with Locke's solution three times. The cells were returned to the culture-conditioned medium and further incubated at 37°C in 95% air/5% CO2 for 24 hr.
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concentration. After preincubation with gangliosides (2 hr at 370C), the cultures were washed three times with Locke's solution and challenged for the time indicated with glutamate or kainate.
Intravital Staining of the Culture. Monolayers were washed with Locke's solution and stained for 3 min at 220C with a fluorescein diacetate (15 Iug/ml) and propidium iodide (4.6 tkg/ml) mixture (27, 28) . The stained cells were examined immediately with a standard epi-illumination fluorescence microscope (Vanox, Olympus; 450 excit., 520 barrier). Fluorescein diacetate, a nonpolar ester, crosses the cell membranes and is hydrolyzed by intracellular esterases to produce a green-yellow fluorescence. Neuronal injury curtails fluorescein diacetate staining (29) and facilitates propidium iodide penetration and interaction with DNA to yield a bright red fluorescent complex (30) .
After treatment with excitatory amino acid receptor agonists, some neurons may detach from the dish after degeneration. Therefore, we estimated the loss of cells by comparing the number of intact or degenerated neurons in one identified field photographed before and 24 hr after application of the receptor agonist under study. The percentage of surviving neurons in the monolayer was computed by assessing the fluorescein acetate/propidium iodide staining ratio in photomicrographs of four representative fields from each monolayer.
Ganglioside Determination. After preincubation for 2 hr with gangliosides, the monolayers were washed two times with 9% NaCl solution containing 10% fetal calf serum and three times with Locke's solution. The gangliosides were extracted according to Chigorno et al. (31) . N-Acetyl neuraminic acid was determined by the resorcinol method (32) and after high-performance thin-layer chromatography, the ganglioside content was estimated by the densitometric method (31) .
c-fos Protein Immunocytochemistry. Granule cell monolayers were washed with Locke's solution and fixed with 4% formaldehyde (20 min at 22°C). Fixative was removed by three washes with 0.1 M phosphate-buffered saline (PBS) containing 10 mM glycine (pH 7.4). The cells were permeabilized with 0.5% Nonidet P-40 (Sigma) in PBS and then incubated at 4°C for 24 hr with polyclonal rabbit c-fos peptide antiserum (1:150) (33) (a generous gift from T. Curran, Hoffmann-La Roche). The bound antibody was detected by the antibiotin-peroxidase system (Vectastain, ABC kit, Vector Laboratories, Burlingame, CA) and reacted with diaminobenzidine tetrahydrochloride (0.2 mg/,lI) for 15 min. In the same experiments, the c-fos immunoreactivity was determined after inhibition of protein synthesis with 70 ,uM cycloheximide. Glutamate-Activated Cationic Channels. Glutamate-activated single-channel currents were recorded by the tight-seal patch-clamp technique from outside-out patches excised from granule neurons, as described by Bertolino et al. (13) . Records of single-channel currents were sampled at the 10-kHz rate by the INDEC data acquisition system (Sunnyvale, CA) after filtering with a low-pass 8-pole Bessel filter set at 3 kHz and stored in the memory of a Digital Equipment (DEC; Maynard, MA) LSI 11/73 computer.
A semiautomated procedure generated distributions of amplitudes and open times. The threshold setting to validate channel opening and closing was determined by using half the amplitude of the channel current. Single exponential fitting of the distribution of kinetic parameters with probability density curves was performed by the method of maximum likelihood, with optimization of the fit being provided by a Simplex algorithm.
RESULTS
Neurotoxicity of Glutamate and Kainate: Effect of Gangliosides. Figs. 1 and 2 show the neurotoxic effects of glutamate in primary cultures of cerebellar granule or cortical neurons stained with a fluorophor that gives bright green-yellow fluorescence in vital neurons and an intense red fluorescence (nuclear staining) in severely damaged neurons. The neurotoxic potency of glutamate and kainate depends on temperature, pH, and the age of the culture (see also refs. 21 20 ,um.) When cerebellar neuronal cultures were preincubated with the ganglioside trisialosylgangliotetraglycosylceramide (GT1b; 60 ,M) for 2 hr, and this treatment was followed by a thorough washout of the compound, glutamate neurotoxicity was inhibited ( Figs. 1 and 2 ). This protective effect could not be surmounted by increasing the glutamate concentration from 10 to 500 ,uM (Fig. 3) . The protective effect of GTlb against 50 ,M glutamate was dose related (Fig. 4) .
Preincubation of granule cell monolayers with GTib induced a dose-dependent increase in the cell content of GT1b (Table 1 ). The extent of the GT1b uptake and the protection against glutamate-induced neurotoxicity are related ( removal of ganglioside from the medium and that the time course of the protection was associated with that of the GT1b accumulation in neurons. GT1b was more potent than GD1b (disialosylgangliotetraglycosylceramide) or GM1 (monosialosylgangliotetraglycosylceramide); asialo-GM1 failed to protect neurons from glutamate neurotoxicity (Fig. 4) . GT1b (60 AM) also prevented the neurotoxicity induced by kainate (Fig. 3) . The potency of GT1b, GD1b, and GM1 against kainate and glutamate neurotoxicity is similar. In contrast, PCP completely prevents the neurotoxicity induced by glutamate but it fails to completely protect the neurons from kainate neurotoxicity (Fig. 3) . Although MK-801, which appears to act at the same site as PCP (12) , is at least 10 times more potent than PCP, the selectivity profile ofits protective action against glutamate and kainate neurotoxicity is similar to that of PCP (Fig. 3) . The gangliosides prevention of glutamate and kainate neurotoxicity has been replicated in primary culture of rat cortical neurons (see Fig. 2 ).
Effect of Gangliosides on Signal Transduction Mechanisms at Glutamate Receptors. Glutamate-activated cationic channels. In outside-out patches of cerebellar granule cell membranes, the glutamate-operated cationic channels were not affected by ganglioside GTib (60 ,uM). The channel current amplitude, channel opening frequency, and duration were unchanged by ganglioside pretreatment in doses that inhibit glutamate neurotoxicity in an insurmountable manner. In 10 membrane patches, the channel amplitude at -50 mV holding potential was 2.5 ± 0.3 pA (mean ± SD) before and 2.5 ± 0.4 pA (mean ± SD) after GT1b pretreatment. From the same patches, the duration of channel opening was 5.6 + 0.8 ms and 6.8 ± 1.5 ms (mean ± SD) before and after treatment, respectively. In addition, we failed to detect significant changes in the channel opening rate, measured as the number of channel openings per time unit, before and after ganglioside treatment (data not shown).
Glutamate-induced activation ofinositol phospholipid hydrolysis. The basal inositol phospholipid hydrolysis by granule neurons was greatly enhanced by glutamate (50 ,M in the absence of Mg2+) (4, 5 GT1b also failed to prevent the stimulation of inositol phospholipid hydrolysis induced by 50 ,M carbachol.
Glutamate-and kainate-mediated PKC translocation. In primary cultures of cerebellar granule cells, we compared the potency of various gangliosides to that of PCP and MK-801 in preventing PKC translocation induced by neurotoxic doses of glutamate and kainate. PKC translocation was estimated by the increase of [3H]PBt2 binding in intact culture (10) . 
DISCUSSION
In brain, the stimulation of glutamate-operated cationic channels elicits a number of short-and long-lasting responses, including increase of (i) Ca2" influx (4, 35, 36) , (ii) long-term posttetanic potentiation (37) , and (iii) formation of dendritic spines (37) . In addition, a prolonged stimulation of excitatory amino acid receptors leads to high levels of free cytosolic Ca2" (38) , which, by a number of mechanisms, all presumably related to the activation of Ca2"-dependent enzymes, cause neuronal toxicity and death (19) . It has been proposed that the edema that surrounds cerebral ischemic areas leads to a protracted uncontrolled increase in extraneuronal glutamate, resulting in a continuous stimulation of excitatory amino acid receptors and consequent perifocal neuronal degeneration (12, 24, 25) . The idea that persistent stimulation of glutamate receptors may cause damage to neurons after brain ischemia has prompted the study of the beneficial effects of compounds that prevent the activation of NMDA-sensitive glutamate receptors. PCP and MK-801, which are potent noncompetitive antagonists of NMDA-sensitive glutamate receptors, prevent neuronal death induced by glutamate in primary neuronal cultures (19) and in vivo (12, 25) .
However, the drawbacks of such pharmacological intervention are that MK-801 is both a dissociative anesthetic and a selective antagonist for the NMDA-sensitive glutamate receptor. Presumably, this is not the only excitatory amino acid receptor responsible for neuronal death during ischemia (19, 39 PCP and MK-801 completely protect against the neurotoxicity induced by glutamate (doses 50 times the LD50 value) but only partially protect neurons against kainate-induced neurotoxicity. In contrast to PCP and MK-801, GT1b, GD1b, and GM1 (pretreatment for 2 hr followed by washing) exert complete and insurmountable protection against glutamateand kainate-induced neurotoxicity.
Interestingly, the protective actions of gangliosides relate to their accumulation in neuronal membranes, while they do not need to be present in the culture media at the time of glutamate application. In contrast, such a presence is important for the protective action of PCP and MK-801.
The abundance of sialic acid groups in the structure of gangliosides is an important determinant of their potency. GT1b (three sialic acids) is slightly more potent than GD1b (two sialic acids) and GM1 (one sialic acid), while the asialo-GM1 is ineffective.
The observation that gangliosides are equally effective against glutamate-and kainate-induced neurotoxicity, while they fail to block glutamate-gated cationic currents or the increase in inositol phospholipid hydrolysis, indicate that the site of action of these compounds is on neither the transmitter recognition sites, the cationic channels, nor the mechanism that couples the transmitter recognition site with phospholipase C, but rather is at the sites of action of the second messenger generated by the signal transduction. In this regard, two glutamate-evoked responses seem particularly relevant: the Ca2+ -dependent translocation of PKC (10) , and the expression of c-fos mRNA (9) and the nuclear accumulation of the c-fos protein (16) . Gangliosides fail to prevent the nuclear accumulation of c-fos protein but are potent antagonists of glutamateand kainate-mediated PKC translocation.
Several laboratories have reported that glycosphingolipids block PKC activity in vitro (40, 41) . We recently reported that gangliosides antagonize phosphorylation by the PKC that is activated and translocated by glutamate (10) . In primary cultures of cerebellar granule neurons, there is a good correlation between ganglioside inhibition of glutamate-and kainate-induced PKC translocation and neuronal death, supporting the view that gangliosides act by counteracting the activation and/or translocation of Ca2 +-dependent enzymes (i.e., PKC, proteases) elicited by prolonged stimulation of excitatory amino acid receptors.
Since gangliosides can prevent glutamate-and kainateinduced neurotoxicity without affecting receptor-operated signal transduction (i.e., inositol phospholipid hydrolysis, opening of cationic channels), these molecules could be considered a class of negative modulators of specific enzyme activation caused by the persistent stimulation of excitatory amino acid receptors. They could prevent excitatory amino acid-induced neuronal death following brain ischemia by a mechanism that, differently from PCP, does not modify signal transduction at excitatory amino acid receptors, but inhibits specific responses (PKC translocation, for instance) generated by second messenger(s) produced during continuous stimulation of the excitatory amino acid receptors. Hence, gangliosides do not affect glutamate receptor operation in normal brain areas but inhibit the consequences ofuncontrolled and persistent glutamate receptor activation in brain tissue surrounding ischemic areas. Because their effect is insurmountable and long-lasting (24 hr in vitro), they could specifically block the sequelae of events that induce neurotoxicity.
